Introduction
CCL5 is a member of the CC chemokine family of proteins. It is expressed inT lymphocytes, platelets, macrophages, tubular epithelium, synovial fibroblasts, endothelial cells and selected tumor cells [1, 2] . CCL5 interacts with CCR1, CCR3, and CCR5 in various cell types [3] .
The human CCL5 gene is located on the long arm of chromosome 17, the same area that Her2/neu is encoded and an area amplified in 30% breast cancer patients [4] . Tumor-derived CCL5 is detected in many clinical specimens of breast and cervical cancers; greater plasma levels in patients with progressive and more advanced disease than those in remission [5] [6] [7] , and it constitutes a prominent part of a poor prognosis signature of inflammatory breast cancer [8, 9] . The concentration of CCL5 was significantly higher in the groups of patients with or without axillary lymph node metastasis [10] . CCL5 
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Reduced primary tumor growth and metastatic disease in CCL5 KO mice
To assess the effects of the host-derived CCL5 on tumor growth, female BALB/c wild-type (WT) and CCL5-KO mice were inoculated in the mammary gland with syngeneic 4T1 mammary carcinoma cells [16] , which spontaneously produce CCL5 [12] . CCL5 KO mice, which are developmentally normal by some key features, were resistant to 4T1 tumor growth with a mean tumor size of ~8 mm in diameter versus 17 mm in control WT mice on day 25 ( Figure 1A ). When the tumor size reached 15~20 mm in diameter, lung metastases were compared between WT and KO mice. There were far fewer lung metastases in KO mice ( Figure 1B ), reiterating that host-derived CCL5 plays a dual role in promoting 4T1 tumor growth and lung metastasis.
A previous study showed high incidence and intensity of CCL5 expression in breast cancer cells associated with more advanced disease stages [11] . This observation raised a question about the cellular source of CCL5, i.e., cancer cells, host cells, or both, that is important for tumor progression. To address this question, we used a variant of the 4T1 tumor in which endogenous CCL5 expression was stably silenced via siRNA [15] . The efficiency of the knockdown of CCL5 was confirmed by real-time PCR (Supplementary information, Figure S1 ). The variant 4T1(siCCL5) was injected into WT and CCL5 KO mice. Figure 1C shows that in both WT and KO mice, 4T1(siCCL5) grew similarly to the non-specific siRNA-transfected control cell line 4T1(siNS). Examination of serum CCL5 levels in WT and KO mice before and after bearing 4T1(siNS) or 4T1(siCCL5) tumor at an early phase (10 days post tumor inoculation) and late phase (20 days) indicated that the bulk of the circulating CCL5 came from the host, not the tumors ( Figure 1D ). These data suggest that tumor-derived CCL5 does not play a major role in 4T1 tumor progression, consistent with the findings of a previous study [15] .
The hematopoietic compartment is the source of immune cells expressing CCL5, including T cells, platelets and macrophages [17] . CCL5 has chemotactic activity by directing immune cells, especially T cells and monocytes, to the site of inflammation and infection [2] . To determine the relative importance of the origin of CCL5 expression, hematopoietic versus non-hematopoietic compartments, that contributes to the tumor-resistant phenotype observed in CCL5 KO mice, we performed reciprocal bone marrow transplants into WT and KO recipients, and then subjected them to 4T1 tumor challenge. All female transplant recipient mice displayed successful hematopoietic engraftment based on the presence of the Y chromosome gene product (from male donors) in splenocytes (Supplementary information, Figure S2 ). As shown in Figure 1E , transplantation of KO marrow inhibited tumor growth in WT recipients, while transplanting WT marrow into KO recipients promoted tumor growth in KO recipients ( Figure 1F ). The metastasis data showed the same trend as tumor growth (Supplementary information, Figure S3 ). Together, these data confirm that deficiency of hematopoietic CCL5, rather than those from peripheral tissues and tumor cells, is the primary basis for the phenotype of CCL5 KO mice.
Aberrant phenotype of myeloid-derived suppressor cells (MDSCs) in CCL5 KO mice
To further understand the cellular mechanisms involved in 4T1 tumor progression, we analyzed by flow cytomery the major subsets of leukocytes in the spleen of mice bearing the tumor and those that infiltrated the tumor: CD4 + + myeloid cells, all of which are highly relevant to the regulation of tumor growth. Initial analyses indicated that the compositions of most cell types were not significantly altered between WT and CCL5 KO mice in the spleen and in the tumor (TIC), except for the lower frequency of Tregs infiltrated into the tumors in KO mice (Figure 2A iii). We also examined the number of TAM in WT and KO mice, and no statistical difference was observed (Supplementary information, Figure S4 ).
Further examination revealed some "subtle" changes or 20 days (late stage) after tumor cell inoculation, mice were sacrificed and serum was collected for measurement of CCL5 protein by ELISA. n = 5 mice per group. (E, F) Lethally irradiated female WT and KO mice were transplanted with male WT (E) and KO (F) bone marrows. Thirty days after bone marrow reconstitution, the recipients were inoculated with 4T1 cells and tumor growth was monitored every 2-3 days. Data are represented as mean ± SE. Each group contained three mice. **P < 0.01. [18] [19] [20] [21] . As shown in Figure 2B ii, the MDSCs in the spleens of KO mice displayed some altered features, based on staining with Ly6G and Ly6C, in that they became less "polarized" with respect to Ly6C and Ly6G expression. In other words, the PMN subset became double positive in the absence of CCL5, while the MO subset of KO mice had lower Ly6C expression at a higher frequency compared to that of WT mice.
To further investigate the characteristics of the MDSC subsets, we purified these cells by microbeads (see Supplementary information, Figure S5 for details), and examined them microscopically by May-Grünwald Giemsa staining ( Figure 2C ). The PMN subset from WT mice were mainly composed of mature polymorphonuclear cells with segmented ring-shaped nuclei and faint to invisible cytoplasm. In contrast, the PMN subset from KO mice displayed a visible and bluer cytoplasm and pleiomorphic nuclei. The MO subset from WT mice was heterogeneous in size, whereas the MO subset of KO mice was composed of mostly immature mononuclear cells or myeloid precursors with doughnut-shaped nuclei [18] .
Since the morphological data showed changes in the maturation state of MDSCs in KO mice, we next tried to test whether there was differential expression of other maturation-related surface markers. However, there was no dramatic difference between WT and KO mice in the expression of F4/80 and CD115, which were weakly expressed in the MO subset of both WT and KO mice (data not shown). The only discernible change was the expression of CD31, the vascular adhesion molecule platelet endothelial cell adhesion molecule 1 (PECAM-1), which was also the marker of immature hematopoietic precursors [22, 23] . Both the MO and PMN subsets from KO mice had higher CD31 expression ( Figure 2D ). The levels of CD31 expression in different subsets were shown in Supplementary information, Figure S6 .
Impaired function of CCL5-deficient MDSCs in vitro
The altered phenotype of the MDSC subsets in CCL5 KO mice prompted us to determine whether the function of the MDSC subsets, i.e., their hallmark immuno- suppressive activity, was also altered. Purified MDSC subsets from WT and KO mice were added in different radios to the TCR transgenic CL4 splenocytes in the presence of the antigenic peptide HA 512-520 , and antigenspecific T cell proliferation was measured. The MO-MDSCs of WT mice strongly suppressed T-cell proliferation dose dependently, whereas those of KO mice displayed much reduced activity ( Figure 3A) . The PMN-MDSCs of WT mice exhibited weak T-cell-inhibiting activity, and those of KO mice were slightly more suppressive ( Figure  3B ). Next, we used ELISPOT assays for IFNγ production by T cells to evaluate the effect of MDSC subsets on the function of T cells. The results showed that the MO subset in WT mice exhibited statistically significant suppressive activities, while the MO subset from KO mice only induced a slight decrease in the number of IFNγ-specific spots ( Figure 3C ). Weakly decreased number of IFNγ-producing cells could be seen in PMN groups from both WT and KO mice, but it did not reach statistical significance ( Figure 3C ). Consistent with these observations, we found that the MO subset of KO mice displayed much reduced activity of a key enzyme in the arginine metabolism pathway and an important constituent of the immunosuppressive property of MDSCs [24] , iNOS, (Supplementary information, Figure S7A ), due to impaired gene transcription (Supplementary information, Figure S7B ).
Although our results demonstrated that MDSCs in CCL5 KO mice, particularly the MO subset, lost the immunosuppression activity on both antigen-specific T-cell proliferation and IFNγ production in vitro ( Figure 3A and 3C), we did not observe significant difference between WT and KO tumor-bearing mice in the number of CD8 + T cells from either spleens or tumors (Figure 2A ). To further address this question, we collected splenocytes from WT and KO mice that had been inoculated with 4T1 cells 2 weeks before, and restimulated them with irradiated 4T1 cells. IFNγ-specific ELISPOT assay showed that T cells from KO mice mounted stronger response against tumor antigens than their WT counterparts ( Figure 3D ).
Contribution of defective MDSCs to reduced tumor progression in CCL5 KO mice
To determine whether the enhanced antitumor activity 
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npg in CCL5 KO mice was dependent on the impairment of MDSCs, we performed adoptive transfer experiments. The CD11b + , Gr-1 + MDSCs were isolated from the spleen of 4T1 tumor-bearing WT or KO mice, and transferred to recipient WT and KO mice inoculated with 4T1 tumor cells. As shown in Figure 4A , 3 weeks after the inoculation, the tumor volume of KO mice receiving adoptive transfer of functional WT MDSCs increased almost 2-fold, whereas that of KO mice receiving KO MDSCs was similar to the tumor size in KO mice that did not receive adoptive transfers. The tumor growth patterns were echoed in tumor metastasis to the lung (data not shown).
Since there was a lower frequency of Tregs in TILs and greater tumor-specific T-cell response in CCL5 KO mice ( Figure 2A iii and 3D), we further assessed whether these immune properties were altered after adoptive transfer of MDSCs. As shown in Figure 4B and 4C, after transfers of WT MDSCs, the number of tumor antigenspecific IFNγ-producing cells was decreased and the frequency of tumor-infiltrated Tregs was increased in KO mice, reducing the significant differences between WT and KO mice.
These data suggest that the impaired function of the MDSCs, including the suppressive effect on T-cell responses and the induction of Tregs, underlines the reduced tumor growth and metastasis in CCL5 KO mice.
Plasma CCL5 levels in breast cancer patients were previously found to be associated with progression of the disease from stage II to stage IV without identifying the producers of CCL5 [6] . Our experimental data demonstrated that host-derived CCL5 contributes to higher serum CCL5 levels in the 4T1 tumor model ( Figure 1D ). These observations did not address the question whether tumor-infiltrating cells of host origin contributed to the high serum levels of CCL5 in the host. To answer this question, we isolated tumor cells and MDSCs from primary tumors and spleen after 10 days (early stage) and 20 days (late stage) post tumor inoculation, and measured CCL5 mRNA levels. As shown in Figure 4D , CCL5 mRNA expression was not significantly increased between early and late stages in tumor cells from either WT or KO mice. In contrast, CCL5 mRNA levels were dramatically enhanced in both tumor-infiltrating and splenic MDSCs of WT mice after 20 days of tumor inoculation ( Figure 4E ). At the same time, we also found that the amount of tumor-infiltrating and spleen MDSCs were increased with the disease progression (Supplementary information, Figure S8 ). The CCL5 mRNA expression data were also recapitulated at the protein level (Supplementary information, Figure S9 ). These data clearly demonstrate that MDSC-derived CCL5 contributes to higher serum CCL5 levels in the late stage of 4T1 tumor model.
Amplification of intrinsically defective bone marrow differentiation in CCL5 KO mice by tumor growth
Because the tumor growth-inhibiting phenotype of CCL5 KO mice was dependent on the impaired activity of the MDSCs, we further explored the mechanism whereby CCL5 impacts the change in the MDSC subsets.
CCL5 is a chemokine that can direct the migration of several types of immune cells to inflammatory sites [1] . We first asked whether changes in MDSC subsets observed in peripheral tissues in CCL5 KO mice were due to the disrupted cellular migration. We systematically analyzed the CD11b + , Gr-1 + cells in the tumor, spleen and bone marrows of WT and KO mice by the expression of Ly6G and Ly6C. As shown in Figure 5A , these cells present in the tumor (left), the spleen (middle), and the bone marrow (right) displayed very similar phenotypic patterns but merely different between WT and KO mice, suggesting that cellular migration was not the cause of the phenotypic change in KO mice. In other words, there were intrinsic differences in the MDSC between WT and KO mice that originated in the bone marrow. In addition, the phenotypic differences in MDSC subsets between WT and KO mice were not caused by the specific tumor type because another mammary tumor cell line, DA3 [25] , when inoculated into mice, induced similar types of MDSCs (Supplementary information, Figure S10 ).
Further analyses of bone marrow cells from tumorbearing mice staining with CD31 and Ly6C revealed six phenotypically distinct subsets, which had previously been described by others [26, 27] . The CD31 hi Ly6C -subset consists predominantly of undifferentiated blast cells (Bl). The CD31 + Ly6C + subset contains a large proportion of morphologically undifferentiated blasts, together with recognizable precursors of the myeloid, erythroid and lymphoid lineages (Bl&P). The CD31 -Ly6C hi subset is composed of mainly monocytes and some immature myeloid cells (M). The CD31 -Ly6C med subset is highly enriched for granulocytes (G). The CD31 -Ly6C -subset consists almost exclusively of erythroid cells, erythroblasts as well as more mature cells (E). Finally, the CD31 med Ly6C -subset is highly homogenous with predominantly mature lymphoid cells (L).
Our analyses showed that bone marrows from tumorbearing mice harbored large numbers of myeloid cells but lost almost all of the mature erythrocytes and lymphocytes ( Figure 5B and 5C). Notably, there were two dramatic changes in KO mice: (1) the granulocytes had higher Ly6C expression, and most cells were located at the border between the G and M regions; (2) more cells accumulated in the Bl&P region concomitant with much fewer cells in the Bl region. These alterations were already present in steady state (tumor-free) between WT and KO mice in the bone marrow (Supplementary information, Figure S11A and S11B), except that tumor growth resulted in the amplification of the differences in MDSC subsets, and in the loss of the L and E subsets.
To further elucidate the basis of the altered myelopoiesis in KO mice, we analyzed CD11b + cells from the bone marrow from tumor-bearing mice for expression of Ly6G, Ly6C and CD31. In WT mice, the Ly6C + cells are mainly from the M subset, and Ly6G + cells from the G subset. In KO mice, the main source of Ly6C + cells was the Bl&P region while the granulocyte subset (Ly6G Figure 5D ).
Our findings are consistent with the established notion that expansion of MDSCs is mediated by tumorderived factors through stimulating myelopoiesis in the bone marrow and inhibiting the differentiation of mature myeloid cells [24] . To directly demonstrate the role of hematopoietic CCL5 in the regulation of myelopoiesis, we performed adoptive transfers of bone marrow derived from WT and KO mice into KO mice. Following reconstitution of hematopoiesis in recipient mice, they were challenged with 4T1 tumor cells. Splenocytes and bone marrow were assessed by flow cytometry 2 weeks after tumor inoculation. Transplantation of WT marrow into KO mice restored normal MDSC subsets ( Figure  5E , left) and normal myelopoiesis ( Figure 5E, left) . In contrast, transplantation of KO marrows did not "rescue" these alterations in KO recipient mice ( Figure 5E , right panels). Data from the reciprocal bone marrow transfers were consistent with the theme (Supplementary information, Figure S12 ). Therefore, hematopoietic CCL5 plays a dominant role in regulating MDSC differentiation.
Functional cooperation between CCL5 and tumor-derived factors in generation of MDSCs
Our observation of an impaired generation of MDSCs in the bone marrow of CCL5 KO mice in response to tumor growth prompted us to further identify tumorderived factors involved in the process. Previous studies have identified two cytokines, granulocyte and macrophage colony-stimulating factor (GM-CSF) and macrophage colony-stimulating factor (M-CSF) as important contributors in the expansion of MDSCs [18, 28, 29] . To determine the functional relationship of CCL5 with these myeloid colony-stimulating factors, we compared the colony-forming activity of WT and KO bone marrow Figure 6A , treatment with GM-CSF elicited a higher number of colonies from KO bone marrow cells than from WT bone marrow cells, particularly at lower concentrations. Microscopic examination indicated that colonies formed from KO bone marrow cells were mainly composed of monocytes rather than granulocytes (data not shown). Similarly, stimulation of KO bone marrow cells with M-CSF resulted in higher numbers of colonies than in WT bone marrow ( Figure 6B ). In contrast, stimulation of KO cells with G-CSF caused no difference between WT and KO cells, except at the highest concentration (100 ng/ml) ( Figure 6C ). ELISA analyses showed that GM-CSF, M-CSF and G-CSF levels in tumor-bearing mice were about 0.25, 1.5 and 8.5 ng/ml, respectively (Supplementary information, Table S1 ), and the concentration were not significantly different between WT and KO mice, suggesting that although CCL5 alone does not directly promote colony formation of bone marrow progenitors (data not shown), it regulates GM-CSF-and M-CSF-, but not G-CSF-induced myeloid differentiation. These results demonstrated that the absence of CCL5 skews the differentiation of the myeloid precursors towards the monocytic lineage in the presence of GM-CSF and M-CSF.
To investigate functional interactions between tumorsecreted GM-CSF and M-CSF with CCL5 in vivo in the induction of MDSCs and in the regulation of tumor growth, we inoculated WT and KO mice with 4T1 cells in which expression of the endogenous GM-CSF and M-CSF were stably knocked down via hsRNAs (Supple- Table S2 ). Knocking down the expression of both GM-CSF and M-CSF in 4T1 cells (4T1-GM/M) resulted in slower tumor growth in WT mice compared to the parental tumor, whereas tumor growth was slightly accelerated in KO mice. But there was no significant difference between WT and KO mice bearing 4T1-GM/M tumors ( Figure 6D ). Likely because of the residual amounts of GM-CSF and M-CSF expressed by 4T1-GM/M, tumor growth was still slightly inhibited in KO mice compared to WT mice. However, no statistical significance between these two groups was observed. Lung metastasis in 4T1-GM/M-inoculated mice had the same tendency as tumor growth ( Figure 6E ). The slower growth of 4T1-GM/M cells in vivo was not due to intrinsic properties, since they exhibited similar proliferative rates in vitro to parental 4T1 cells (Supplementary information, Figure S13 ). Analysis of MDSCs in spleens of tumor-bearing mice showed that the immunosuppressive MO subset (Ly6C + , Ly6G -) was substantially reduced in WT mice bearing 4T1-GM/M compared to those bearing 4T1 and patterns of MDSCs in KO mice bearing 4T1-GM/M is similar to WT mice, confirming that tumorderived GM-CSF and M-CSF play an important role in the induction of MO-MDSCs, and that CCL5 could not affect the expansion of MDSCs without GM-CSF and M-CSF but it cooperates with them in vitro and in vivo ( Figure 6F ).
Antibody blockade of CCL5 inhibits tumor growth and improves the efficacy of therapeutic vaccination
Tumor immunosuppression is one of the major factors responsible for the failure of cancer vaccines, and recent studies have identified MDSCs as one of the important elements in tumor immunosuppression [30] . 4T1 tumor is notoriously non-immunogeneic when used in immunization. To determine whether inhibition of CCL5 could improve the efficacy of therapeutic vaccination against 4T1 tumor, we injected irradiated 4T1 cells together with a CCL5-neutralizing mAb into mice inoculated with live 4T1 cells. Injection of anti-CCL5 alone slowed down tumor growth ( Figure 7A ) and reduced lung metastasis ( Figure 7B ). However, injection of irradiated 4T1 cells and the anti-CCL5 mAb together gained greater efficacy in both aspects. To further corroborate these results, we evaluated the tumor-specific immune response following vaccination of mice by ELISPOT. Splenocytes from mice injected with irradiated 4T1 cells or irradiated 4T1 cell plus control antibody did not respond to tumor-specific antigen, compared to control group ( Figure 7C) . In contrast, a significant number of antigen-specific IFNγ-producing T cells were found in the spleens of mice infected with irradiated 4T1 cell plus the CCL5 mAb.
These data suggest that therapeutic vaccination via neutralizing CCL5 may be an effective strategy for treating advanced TNBC.
Spontaneous mammary tumors exhibit similar MDSC and CCL5 phenotypes
Spontaneous murine mammary carcinoma can be induced by oncogene overexpression in the mammary gland such as Wnt-1, which was first identified as a protooncogene activated by viral insertion in mouse mammary tumors (MMTV-Wnt1). The potent mitogenic effect mediated by Wnt-1 expression does not require estrogen stimulation; tumors form after an increased latency in ER-α-null mice [31] . Several genetic lesions, including inactivation of p53 and over-expression of Fgf-3, collaborate with Wnt-1 in leading to mammary tumors [31] .
To compare the characteristics of MDSCs and CCL5 expression between 4T1 and MMTV-Wnt1-induced mammary tumors, we first analyzed the amount of MDSC infiltration in two types of tumors. As shown in Figure 8A , there were considerable amount of CD11b + , Gr-1 + MDSCs in the Wnt1 tumor (~4%), although less than the 4T1 tumor (~9%). However, compared to tumorfree mice, Wnt1 tumor-bearing mice had > 5-fold more MDSCs present in their spleens ( Figure 8B ). Moreover, compared to tumor cells, the MDSCs expressed > 5-fold more CCL5 mRNA on a per cell basis ( Figure 8C ). More importantly, splenic MDSCs from the Wnt1 tumor-bearing mice also expressed much higher levels of immunosuppressive molecules such as iNOS ( Figure 8D ), TGF-β ( Figure 8E ) than those from the tumor-free mice, while arginase 1 levels were comparable ( Figure 8F ).
These data demonstrate that MDSC development and tumor infiltration as well as the expression of CCL5 and key immunosuppressive factors by MDSCs are associated with spontaneous mammary tumors, and not a peculiar feature of the orthotopic 4T1 model.
Human CCL5 is required to maintain the suppressive function of MDSCs
In humans, suppressive CD33 + cells can be generated in vitro from PBMCs by GM-CSF and IL-6, and these cells are functionally consistent with MDSCs in immunosuppressive activity, morphology, surface phenotype and gene expression profile [32] . We cultured PBMCs from healthy volunteers in the presence of GM-CSF and IL-6 for 7 days. A dramatic increase in the frequency of MDSCs (CD33 + HLA-DR -CD3 -) was observed in the GM-CSF and IL-6-treated groups; however, this effect was not significantly reduced after antibody-mediated blockade of CCL5 ( Figure 8G) . The MDSCs were then isolated by anti-CD33 microbeads and tested for suppressive function in inhibiting autologous T-cell proliferation at a ratio of 1:2. Figure 8H shows that GM-CSF and IL-6-induced MDSCs inhibited autologous T-cell proliferation by almost 70%, while this immunosuppression was reduced to 30% after blockade of CCL5. These data suggest that human CCL5 plays an important role in maintaining the immunosuppressive activity of MDSCs.
Discussion
MDSCs represent a heterogeneous population of cells comprised of myeloid progenitors and immature myeloid cells that contribute to negative regulation of immune responses to malignant growth [24] . Previous studies have shown in various mouse models that depletion of MDSCs from tumors or spleens restores anti-tumor Tcell responses [33] [34] [35] [36] [37] [38] . The accumulation of MDSCs is influenced by disturbances of cytokine homeostasis in pathological conditions, which stimulate myelopoiesis and inhibit the differentiation of mature myeloid cells [24] . Our study shows that hematopoietic CCL5 plays a pivotal role in the generation of MDSCs, and its absence alters the differentiation of MDSCs and decreases their immunosuppressive activity.
Recently, MDSCs have been defined more precisely in mice by two epitopes recognized by the Gr-1 antibody, Ly6G and Ly6C. Normally, CD11b + Ly6G -Ly6C hi MDSCs have monocytic phenotype, whereas CD11b + Ly6G + Ly6C low MDSCs are of granulocytic phenotype [24] . Our analysis demonstrated that both the MO and PMN subsets from CCL5 KO mice have altered cell morphology, and the MO subset consists of myeloid precursor cells with doughnut-shaped nuclei [18] , while the PMN subset from CCL5 KO mice look like the "atypical granulocytes", consistent with the literature [39] . Importantly, these two subsets have different functions in cancer, infectious and autoimmune diseases. Furthermore, they invoke distinct mechanisms to suppress T-cell function [24] . The MO subset expresses higher levels of iNOS and its suppressive activity depends on NO, whereas that of the PMN subset depends on arginase 1 [4] . Consistent with these observations, we showed that the MO subset from WT mice strongly suppressed antigen-specific CD8 + T- 
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npg cell proliferation and IFNγ production in vitro associated with high levels of iNOS expression, whereas that of KO mice expressed lower levels of NO and displayed diminished immunosuppressive activity. The PMN subset from both WT and KO mice exhibited much lower immunosuppressive activity and NO production in vitro, consistent with a recent report [18] . In addition to L-arginine depletion through ARG1-dependent consumption and generation of ROS produced by ARG1 and iNOS, the mechanism of MDSCs whereby to influence the immune response also involves activation and expansion of Treg cell populations [40] . In mouse models, studies have shown that MDSCs induce the conversion of naïve CD4 + T cells into induced Treg cells [41, 42] . At the same time, clinic data have demonstrated that human CD14 + HLA -DR low/-MDSCs produce TGF-β and retinoic acid, which can convert Th17 cells into Treg cells [43] . A new study also found that tumorderived CCL5/CCR5 signaling helps recruit Tregs to tumors and enhances Tregs' ability to kill antitumor CD8 + T cell by producing TGF-β [44] .
Although the major functions of chemokines are manifested in activities in attracting and activating leukocytes at sites of inflammation and injury, some studies have found that chemokines also have regulatory effects on the proliferation of myeloid progenitor cells [45] . Macrophage inflammatory (MIP)-1α (also CCL3) is the most studied, and it has suppressive effects on the proliferation of early subsets of hematopoietic stem cells and progenitors [45, 46] . However, by staining bone marrow cells for CD34 and FcγR expression (data not shown), we showed that CCL5 does not affect GMP (granulocyte/ macrophage progenitor), and suggest that CCL5 plays a major role in the macrophage and neutrophil cell fate specification.
Hematopoietic cell fate specification depends on induction as well as repression of subsets of lineage-specific genes, and hematopoietic transcription factors are essential for it. The relative level of PU.1 and C/EBPα in granulocyte/macrophage progenitors has been proved to regulate the choice between macrophage and neutrophil cell fate specification [47] . Recently one group described a new gene regulatory network underlying macrophage and neutrophil cell fates, showing that PU.1 modulates a novel regulatory circuit comprised of counter antagonistic repressors, Egr-1, 2/Nab-2 and Gfi-1 [48] . How does CCL5 regulate this complicated network? Another study may have yielded some clues as it showed that cytokines could promote cell fate decision by altering the relative concentration of lineage-determining transcriptional regulators [47] .
Our analyses showed that in the bone marrow of tumor-bearing KO mice, the population of granulocytes had higher Ly6C expression, almost merging with the MO subset. These Ly6C hi and Ly6G + cells are distinct from the Ly6C and Ly6G-double positive granulocytes described recently [28] . In addition to changes in myeloid cells, there were higher frequencies in the more mature population of blasts and progenitors in KO mice.
Previous studies by others have mostly focused on tumor-derived CCL5, and found overexpression of CCL5 in advanced stages of breast cancer [5] . In more recent years, mesenchymal stem cell-derived CCL5 has been shown to contribute to cancer cell motility, invasion and metastasis [49, 50] . 4T1 growth characteristics parallel highly invasive human metastatic mammary carcinoma comparable with human stage IV breast cancer [51] . 4T1 tumors, being ER-α-, PR-and HER-2/neu-negative, resembling human "triple negative" breast cancer, which is a highly aggressive malignancy lacking a historical therapeutic target. In this model, we did not observe the upregulation of CCL5 expression in tumor cells. Furthermore, we showed that tumor-derived CCL5 has no effect on tumor growth, consistent with findings by a previous study [15] . In contrast, our data demonstrate for the first time a novel and critical role of hematopoietic CCL5 in the development of MDSCs.
Since immune suppression plays a crucial role in promoting tumor progression and failure of cancer vaccines, among which MDSCs are the major immunosuppressive effectors, different strategies have been used to overcome MDSC-mediated immunosuppression. Our study suggests that targeting CCL5 in breast cancer can decrease the immunosuppression activity of MDSCs, improve vaccine efficacy against poorly immunogenic tumors, and reduce breast cancer progression and metastasis. Targeting CCL5 is feasible because it is apparently dispensable in development and physiology with no apparent immunodeficiency, due perhaps to redundancies. Targeted inhibition of CCL5 to the hematopoietic compartment in select breast cancer patients, particularly the triple-negative type, may have strong therapeutic impact without overt toxicity.
Materials and Methods
Mice
WT BALB/c mice were purchased from the Jackson Laboratories (Bar Harbor, ME, USA). CCL5 KO mice were generously provided by Dr S Sarawar (Torrey Pines Institute for Molecular Studies, San Diego, CA, USA) after >10 generations of back-crossing to BALB/c from the original C57BL/6 background [52] . CCL5 KO mice have no morphologically or functionally overt abnormal phenotype. CL4 mice are transgenic for the K d -restricted HA 512-520 peptide-specific TCR in a BALB/c background (Jackson Labora- tories). Transgenic mice expressing Wnt-1 have been described [53] . Genotyping was done using PCR of tail DNAs. The mice are in the FVB background and usually develop mammary tumors between the age of 2 and 8 months. Tumors were collected when they reached the size of 1.5 to 2.0 cm in diameter. Some of the tumors used in this study were from mice orthotopically transplanted with the primary tumors.
Administration of anti-CCL5 in vivo
The in vivo effective neutralizing antibody against murine CCL5 mAb was obtained from Dr Thomas Lane (University California, Irvine, USA) An irrelevant isotype-matched IgG was used as the control. 4T1 tumor-bearing WT mice (five per group) were treated via i.p. injection with 100 µg of either anti-CCL5 or control IgG suspended in 500 µl of sterile PBS on days 7 and 14 post tumor injection. For therapeutic vaccine model, tumor-bearing mice (five per group) were injected with anti-CCL5 or control IgG, followed by i.p. injection of 2 × 10 6 irradiated (12 000 rad) 4T1 cells on days 0, 3, and 7.
Cell sorting
To purify MDSCs (CD11b + , Gr-1 + ), splenocytes were first negatively selected by anti-CD19 and anti-CD11c microbeads and LD columns to eliminate CD11b + , Gr-1 − cells. The remaining cells were positively selected by anti-CD11b microbeads and LS column to obtain pure MDSC cells. To purify PMN and MO-MDSC subsets, 1 × 10 8 erythrocyte-depleted splenocytes were firstly blocked with FcγR and stained with anti-Ly6G-biotin, followed by positive magnetic selection with anti-biotin-microbeads, according to the manufacturer's suggested protocols. The negative fraction from previous step was passed over an LD depletion column to eliminate the remaining Ly6G + cells. To further purify the MO-MDSCs, remaining cells were sequentially stained with anti-Ly6G-biotin and streptavidin microbeads; the MO-MDSC subset was sorted with LS column. All microbeads and columns were from Miltenyi Biotec.
Immune function assay
CD8
+ T cells from CL4 mice transgenic for HA 512-520 -specific TCR were used as responder cells. Purified MDSC subsets were added to 1 × 10 6 CL4 splenocytes in different ratios in the presence of 1 µg/ml of HA 512-520 . 48 h later, 10 mM ErdU was added to the culture and cells were allowed to proliferate for another 18 h before harvest and analyzed by flow cytometry. 3 × 10 6 MDSCs isolated from spleens of WT and CCL5 KO mice bearing 4T1 tumors were injected i.v. into either WT or KO recipient mice. Adoptive transfer of MDSCs to recipient mice was performed 4 days after inoculation with 4T1 cells, and then given every 7 days thereafter for 3 weeks. Tumors at the site of injection were measured using an electronic calipers and tumor diameters were calculated as the square root of the length × width of the tumor as previously described [16, 54] . Mice were sacrificed for endpoint analyses when the diameter of the tumor reached > 20 mm.
MDSC adoptive transfer
ELISPOT assay
MDSC subsets were isolated from spleens of tumor-bearing mice. Splenocytes from CL4 mice were used as responder cells. 5 × 10 4 MDSCs and 2 × 10 5 responder cells were incubated at 37 °С for 24 h. The number of IFNγ-positive spots in response to the specific peptide was measured by ELISPOT according to the manufacturer's suggested procedure (eBioscience). For ELISPOT assay of T cells from tumor-bearing mice, spleens from tumor-bearing mice inoculated with 4T1 cells 2 weeks earlier were used as responder cells. 2 × 10 5 responder cells were cultured with 2 × 10 4 irradiated (100 Gy) 4T1 cells at 37 °С for 48 h.
Bone marrow transplantation
2 × 10 7 bone marrow cells from male donor WT or KO mice were injected via the tail vein into recipient female WT and KO mice lethally irradiated 24 h prior to 8.5 Gy of radiation. After 30 days, the efficiency of chimera establishment was assessed by PCR analysis of DNA from PBMCs for X and Y chromosomes. The primers and PCR conditions were described previously [55] .
Colony formation assays
Colony formation assays were done as described previously [56] . Single-cell suspensions of bone marrow (2.5 × 10 4 cells/ml) from WT and KO mice were plated in 1 ml methylcellulose medium (MethoCult GF M3231, StemCell Technologies) with different doses of G-CSF, M-CSF or GM-CSF and incubated at 37 °C and 5% CO 2 for 12 days.
Human MDSCs
As previously described [32] , PBMCs from healthy donors were isolated by differential density gradient separation. PBMC were cultured in complete medium with GM-CSF (10 ng/ml) and IL-6 (10 ng/ml) for 7 days. MDSCs were analyzed by flow cytometry after labeling and characterized by the CD33 + HLA-DR -CD3 -phenotype. MDSCs were isolated from the PBMC cultures using anti-CD33 magnetic microbeads (Miltenyi Biotec), following manufacturer's instruction. Some cells were treated with 10 μg/ml anti-GM-CSF antibody and 15 μg/ml anti-CCL5 antibody (R&D systems). The immunosuppressive activity of MDSCs was evaluated by their ability to inhibit the proliferation of autologous T cells. T cells were purified from PBMC of autologous donors using CD3 + Tcell enrichment column (R&D Systems), following manufacturer's instruction. T cells were added to isolated MDSCs in a 2:1 ratio, and stimulated by anti-CD3/CD28 stimulation beads (Invitrogen) and IL-2 (100 u/ml). Two days later, 10 mM ErdU was added to the culture and cells were allowed to proliferation for another 24 h before harvest and analyzed by flow cytometry.
Statistical analysis
Mann-Whitney test was used to analyze the data. Results are given as mean ± SD unless otherwise indicated. Probability values < 0.05 were considered statistically significant.
